The transit velocity through the human throat and rheological properties of nonglutinous rice starch (NGRS) and glutinous rice starch (GRS) were investigated. The maximum transit velocity decreased with increasing concentrations of starch, with marked changes from 0 to 6% and gradual changes from 6 to 12% for NGRS and GRS, respectively, with no further changes at concentrations higher than 18%. The hardness, adhesiveness and cohesiveness of the two rice starches increased with increasing concentrations of starch. In the sensory evaluation, the rice starches became more difficult to masticate and swallow, and the masticated pellet formed a more compact bolus with increasing starch concentrations.
Introduction
Japan is rapidly becoming an aging society. Because the elderly require foods that can be swallowed easily, and with the increase in this population, providing a safe food supply to those having difficulty in mastication and swallowing is therefore an important issue. A change in the physical properties of food, such as its thickening, is an effective preparation strategy. To be swallowed easily, food must be moist; not dry, uniform in density; not lumpy, and viscous, but not so that it will stick to the mucous membrane (Yamada et al., 1999) .
There are many reports about elderly people having difficulty in mastication and swallowing (Yoshimura et al., 2003 (Yoshimura et al., , 2004 (Yoshimura et al., , 2005 Hiratsuka et al., 2004; Kawano et al., 2005 Kawano et al., , 2006 Kahrilas et al., 1992 , Palmer 1998 Koshino et al., 2006; Kohyama et al., 2006) . There are also reports using sensory evaluation of the swallowing characteristics of gellike or sol-like food (Hiratsuka et al., 2004; Kawano et al., 2005 Kawano et al., , 2006 . The passage time of a bolus through the pharynx has been measured by video-fluorography. However, in this method a contrast medium must be used and the sample must be exposed to radiation. Kahrilas et al. (1992) reported on the mastication and swallowing of food, and Palmer (1998) recorded the transfer of a bolus from the mouth to the pharynx. However, their measurement methods could not be made without a medical doctor. Alternatively, measurement by ultrasonic waves is a safe method that is used even on a fetus, and since no contrast medium is required, the sampling can be unlimited. The pulse Doppler method, which uses ultrasonic waves, has been used to measure blood flow. However, the transit velocity of a bolus in the pharynx has only been examined using this method by Nakazawa et al. (Nakazawa et al., 2000; Nagatoishi et al., 2001; Hasegawa et al., 2005) .
Rice cakes (mochi) are a traditional sticky food made from glutinous rice and are customarily eaten to celebrate the coming of the New Year. Each year, there are reports of elderly persons suffocating on rice cakes. On the other hand, starch has also been used as a thickening agent to make food easier to eat.
We have carried out research in order to accumulate basic physical properties on the foods that an elderly person can swallow easily and safty. In this report, we discuss the relation between the flow velocity of a bolus in the pharynx and the physical properties of foods.
Materials and Methods
Sample Preparation Nonglutinous rice starch (NGRS) and glutinous rice starch (GRS) were provided by Shimada Kagaku Kogyo Co., Ltd. (Kyoto, Japan). The percentage of amylose contained in NGRS was about 17%, while in GRS, it was below 1%. Based on the results of a preparatory experiment, the concentrations of NGRS were adjusted to 6%, 12%, 18% and 24%, and those of GRS to 6%, 12%, 18%, 24% and 30%. After adding an amount of ultrapure water almost equal to the weight of NGRS to NGRS, and the twofold ultrapure water of the weight of GRS to GRS, respectively, ultrapure water at 70℃ was added to make the designated concentrations. The NGRS and GRS solutions were then heated to 95℃ with stirring once every 1 sec, and the sample volume was adjusted for the amount of evaporation by the addition of hot ultrapure water. The samples of 6% NGRS and 6% GRS were in a state like rice water and the other samples were in the state of sol or very soft gel. Except for 24% NGRS, the hardness of all samples was within the permitted standard of gel-like food for persons having difficulty with mastication and swallowing, as defined by the Ministry of Health, Labour and Welfare.
Texture Property The samples were put in a stainless steel vessel 40 mm in diameter and 15 mm in height and compressed twice with a Rheometer (RE-3305, Yamaden Co., Ltd., Tokyo) at a rate of 10 mm/sec up to 66.7% of their height. The hardness, adhesiveness and cohesiveness were measured with an acrylic plunger 20 mm in diameter. Hardness was determined by dividing the stress at the first peak of the stress-deformation curves by the bottom surface area of the plunger. Cohesiveness was calculated as a ratio (A2/A1) of the area of the second peak (A2) to that of the first peak (A1). Adhesiveness was calculated by measuring the area surrounded by the base line and the downward stress-deformation curve. Measurements were repeated 20 times.
Sensory Evaluation The panel consisted of six Showa Women's University students (aged 21-22 years) who had neutral occlusion. In this investigation, the use of subjects was conducted based on the Helsinki Treaty, and was examined by the Ethics Committee of Showa Women's University. The following were estimated on a scale of five points: "ease of separating from a container" (+2:easy, -2:difficult), "hardness" (+2:hard, -2:soft), "adhesiveness to a tooth and lining of mouth" (+2:easy, -2:difficult), "ease of breaking during mastication" (+2:easy, -2:difficult), "ease of bolus association after mastication" (+2:easy, -2:difficult), "bolus dissociation at swallowing" (+2:difficult, -2:easy) and "ease of swallowing" (+2:easy, -2:difficult). "The power required for swallowing" was evaluated between 0 ~ 7 by using ultrapure water and 30% NGRS as reference samples. The ultrapure water was evaluated as 0, and the 30% NGRS was evaluated as 7.
The panel was instructed to place 6 g of sample in the mouth and to make an evaluation after chewing 5 times and swallowing. In order to avoid the action of salivary amylase, the sample was masticated by a row of teeth. Panel members were directed to rinse their mouths with ultrapure water between samples. All sensory evaluations were conducted in panel booths at 20℃. Four NGRS and five GRS samples were prepared per session, and a session was conducted each day. The panelists were trained, and each made 6 evaluations.
Maximum transit velocity of a bolus in the pharynx The six Showa Women's University students on the panel who performed the sensory evaluation had normal swallowing function. The panel was instructed to straighten their backs and to sit deeply on their chairs. The maximum transit velocity of a bolus in the pharynx was measured by the pulse Doppler method using ultrasonic diagnostic imaging equipment (NEMIO SSA-550A, Toshiba Medical Systems Co., Ltd., Tokyo). The measurement was done at an ultrasonic frequency of 7.5 MHz, at a pulse frequency of 10.4 kHz and at 80% brightness by using the scanning probe (PLM-703 AT). According to the report of Nakazawa et al. (Nakazawa et al., 2000; Hasegawa et al., 2005) , the scanning probe was fixed on a central part of the pharynx at an angle of 60 degrees to the horizontal. The maximum flow velocity was measured when a 6 g NGRS or 6 g GRS sample was chewed 5 times and swallowed, in much the same way as in the sensory evaluation test. A measurement of 60 repetitions was conducted.
Data Analysis ANOVA and regression analysis were conducted using SPSS 10J. Multiple comparisons were completed using the Tukey test. A correlation coefficient and a 95% confidence interval were used to determine the fit between all raw data by apparatus measurement and sensory evaluation.
Results
Texture property The hardness of both NGRS and GRS increased with their increasing concentration; NGRS was harder than GRS [ Fig. 1 (a) ]. The adhesiveness of NGRS and GRS became greater with increasing concentrations of NGRS and GRS [ Fig. 1 (b) ]. The adhesiveness of NGRS was greater than that of GRS, and the difference between them increased as their concentrations increased. Both NGRS and GRS had strong cohesiveness, with the cohesiveness of GRS being larger than that of NGRS [ Fig. 1 (c) ]. The variation in the cohesiveness of NGRS and GRS was small, from 18% to 30%.
Sensory evaluation The main effect of the NGRS concentration for "ease of separating from a container, hardness, adhesiveness to a tooth and lining of mouth, ease of swallowing and power required for swallowing" became significant at the level of 0.001% [ Table 1 , Fig. 2 (a) (b) (c) (g) (h)]. As the concentration decreased, the NGRS became easier to separate from a container, became softer, became more difficult •: nonglutinous rice starch, ▲: glutinous rice starch •: nonglutinous rice starch, ▲: glutinous rice starch to adhere to a tooth and the lining of the mouth and became easier to swallow. Then, the power required for swallowing was reduced. The main effect of GRS concentration for "ease of separating from a container, hardness, adhesiveness to a tooth and lining of mouth, ease of breaking during mastication, ease of bolus association after mastication, bolus dissociation at swallowing, ease of swallowing and power required for swallowing" became significant at the level of 0.001% [ Table 2 , Fig. 2(a)-(h) ]. GRS became more difficult to separate from a container, became harder, became easier to adhere to a tooth and the lining of the mouth, and became easier to associate and more difficult to swallow. Then, the power required for swallowing was increased as the GRS concentration increased. The main effects of the panel members on NGRS and GRS evaluations were significant at the 0.1% level for all items. Velocity spectrum on the cathode ray The luminosity of the velocity spectrum of the cathode ray is proportional to the density of the bolus particles. For the NGRS and GRS, as their concentrations increased, the velocity spectrum was reduced, and the ratio of the area with high luminosity was increased (Figs. 3, 4) . This result shows that bolus particles of NGRS and GRS, passed at the same velocity, became larger as the concentrations of NGRS and GRS increased. water GRS 30% GRS 6% GRS 12% GRS 24% GRS 18% Fig. 3 . Waveform on the cathode-ray of nonglutinous rice starch. Fig. 4 . Waveform on the cathode-ray of glutinous rice starch. The maximum transit velocity of a bolus in the pharynx For all subjects, the maximum transit velocities of NGRS in the pharynx decreased with the increasing concentration of NGRS [ Fig. 5 (a) ]. The maximum transit velocity of 6% NGRS was significantly lower than that of water, except for subject T (p < 0.05). Although the maximum transit velocity of 6% NGRS was higher than that of 12% NGRS for subjects H, K, W and Y (p < 0.05), a significant difference was not recognized at concentrations higher than 12% NGRS. For the same concentration of NGRS, the maximum transit velocities for subjects M and Y were higher than those of the other subjects (p < 0.05). On the other hand, the average maximum transit velocities of subject W was lower than those of the other subjects, and that for subject H was recognized to be between that of subject W and those of M and Y (p < 0.05). The difference in the maximum transit velocities was reduced among subjects as the NGRS concentration increased.
The average value of the maximum transit velocity of water in all subjects was significantly higher than that of all the NGRS samples (p < 0.05). The average value of 6% NGRS was higher than those of the 12%, 18% and 24% NGRS (p < 0.05) [ Fig. 5 (c) ]. However, there were no significant differences between the average values of the maximum transit velocities of the 12%, 18% and 24% NGRS samples.
The maximum transit velocity of 6% GRS was significantly lower than that of water, with the exception of subject T [p < 0.05, Fig. 5 (b) ]. The maximum transit velocity of 12% GRS was lower than that of 6% GRS (p < 0.05) in subjects H and K; however, there were no differences between the 12%, 18% and 24% NGRS. Although a significant difference was recognized between the 6% GRS and the samples greater than 18% GRS (p < 0.05) in subject W, there was no difference between the 6% GRS and 12% GRS. Similar to the result obtained in the measurement of the maximum transit velocity of NGRS, the maximum transit velocity of GRS was higher in subjects M and Y than in the others. In contrast, the maximum transit velocity in subject W was lower than in the others, and that in subject H was between those in subjects M and Y and that in subject W (p < 0.05).
Thus, the maximum transit velocity varied with the subject, but not with the sample (NGRS or GRS). The average value of the maximum transit velocity for water was significantly higher than that of GRS at any concentration (p < 0.05), and that of 6% GRS was higher than that of the 12%, 18%, 24% and 30% GRS (p < 0.05). However, there were no significant differences among the values of the maximum transit velocity of the 12%, 18%, 24% and 30% GRS samples.
Correlation coefficient In NGRS, the maximum transit velocity in the pharynx correlated with the "ease of bolus association after mastication" (r = -0.99, p < 0.01). The value of the "ease of swallowing" in the sensory evaluation correlated with the "ease of separating from a container" (r = 0.98, p < 0.05), "hardness" (r = -0.96, p < 0.05), "adhesiveness to a tooth and lining of mouth" (r = -0.99, p < 0.01) and "power required for swallowing" (r = -1.00, p < 0.01) ( Table 3 ). The "power required for swallowing" of NGRS correlated with the "ease of separating from a container" (r = -0.98, p < 0.05), "hardness" (r = 0.95, p < 0.05), "adhesiveness to a tooth and lining of mouth" (r = 0.99, p < 0.01) and the cohesiveness of apparatus measurement (r = 0.95, p < 0.05). In addition, correlations were recognized between the "adhesiveness to a tooth and lining of the mouth" by subjective measurement and the adhesiveness by objective measurement (r = 0.97, r < 0.05), and also between the "hardness" by subjective measurement and the hardness by objective In GRS, no item correlated with the maximum transit velocity. The value of the "ease of swallowing" by the sensory evaluation correlated with the "ease of separating from a container" (r = 0.91, p < 0.05), "hardness" (r = -0.99, p < 0.01), "adhesiveness to a tooth and lining of mouth" (r = -0.92, p < 0.05), "ease of bolus association after mastication" (r = -0.93, p < 0.05), "bolus dissociation at swallowing" (r = -0.91, p < 0.05) and "power required for swallowing" (r = -0.98, p < 0.01) ( Table 4) . The "power required for swallowing" of GRS correlated with the "ease of separating from a container" (r = -0.98, p < 0.01), "hardness" (r = 0.98, p < 0.01), "adhesiveness to a tooth and lining of mouth" (r = 0.96, p < 0.01), "ease of bolus association after mastication" (r = 0.98, p < 0.01), "bolus dissociation at swallowing" (r = 0.97, p < 0.01), adhesiveness by apparatus measurement (r = 0.96, p < 0.01), hardness by apparatus measurement (r = 0.96, p < 0.05) and cohesiveness by apparatus measurement (r = 0.91, p < 0.05).
Cluster Analysis As a result of cluster analysis, samples were classified into two groups: one group with high concentrations and the other with low concentrations (Fig. 6 ). In the high-concentration samples, NGRS was separated from GRS. By cluster analysis, 12% NGRS, 12% GRS and 18% GRS were classified into the same group.
Discussion
The hardness and cohesiveness of NGRS were greater than those of GRS (Fig. 1) . While NGRS consists of almost 17% amylose and 83% amylopectin, GRS is composed of almost 99% amylopectin and 1% amylose. The amylose molecule has the shape of a long straight chain with α-1,4 bonding of glucoses and slightly-branched molecules (Takeda et al., 1986 (Takeda et al., , 1987 Hanashiro and Takeda 1998) . Amylopectin is a very large molecule with a fringe-like structure. In amylopectin, about 20 glucose molecules are joined together in a straight chain; many of these chain are combined by α-1,6 bonding. In NGRS, micro-amylose disperses among the macromolecule amylopectin. When force is applied to NGRS from the outside, its deformation is disturbed by the presence of amylose. The energy produced by the outside force is stored in the NGRS structure.
On the other hand, the structure of GRS is easily deformed by an outside force, and a part of the energy produced by this force may disappear as fluid energy. While the restoration of the NGRS structure after deformation may be obstructed by the presence of amylose, the GRS structure may easily return to its original shape, with a small amount of energy, due to the absence of amylose. Thus, the hardness and cohesiveness of NGRS are considered to be greater than those of GRS.
The adhesive strength between the two substances is dependent on the surface interaction between their molecules and the shape of the contact surface. Therefore, the surface physical property and scientific property of the two substances determine their adhesive strength. The adhesion acquired by the instruments used in this experiment was influenced by the adhesive strength of the contact surface between the plunger and sample and by the internal resistance force of the samples. When the adhesive strength on the surface of the two substances is almost equal, the adhesion increases with increasing internal resistance force. In this experiment, the internal resistance force was measured as the hardness. Since the hardness of NGRS was greater than that of GRS, the adhesion of NGRS was also considered to be greater than that of GRS.
In the results of the sensory evaluation, the most important point was that the less associated and the more dissociated NGRS and GRS were evaluated to be, the easier the mastication and swallowing (lower concentration in Fig. 2 ). It is clear that people with mastication and swallowing difficulties can more easily swallow foods, whose physical properties are more associated and less dissociated after mastication. However, for NGRS and GRS the opposite was found to be true. This result is believed to be due to the strong power of the structure formation by hydrogen bonding and the glucoside linkage of amylose and amylopectin in NGRS and GRS.
Although the physical properties of NGRS and GRS were different (Fig. 1) , the maximum transit velocity of the bolus was very similar between the two substances, and this same tendency was evident when there were changes in concentration (Fig. 5) . This may be due to a physical change in the NGRS and GRS structure caused by food rupture and mixing with saliva during mastication. Hasegawa et al. (2005) physical properties that can control the transit velocity in a person's pharynx. Therefore, even in a sample of a higher concentration than in this experiment, the maximum transit velocity may not vary greatly.
In order to determine the concentrations of NGRS and GRS that can be swallowed easily, cluster analysis was conducted on the experimental results (Fig. 6) . The low concentration sample was divided into a different group from the high concentration sample. In the low concentration sample group, 12% NGRS was classified into the same group as 12% GRS and 18% GRS. The maximum transit velocity changed markedly at 12% in NGRS and at 12% in GRS. The standard deviation of the maximum transit velocity at 12% NGRS and 12 ~ 18% GRS was small, and the maximum bolus transit velocity was slow and stable. NGRS and GRS at those concentrations, which had moderate physical properties, were evaluated to be easy to swallow. Since a bolus of NGRS and GRS at those concentrations could be swallowed, even if the swallowing pressure in the pharynx was low, those samples were considered to be easily swallowed for elderly persons.
In addition, in the sensory evaluation test, a large amount of power was estimated to be required to swallow highconcentration NGRS and GRS. This power may be unconsciously adjusted according to the physical properties of the bolus, and it may be correlated with the maximum bolus transit velocity. There are individual differences in the structure and function of the mouth, pharynx, and larynx, and it is thought that the maximum bolus transit velocity in the pharynx also varies according to individual differences in the physical function of this organ. In order to understand these issues, further experiments may be necessary.
